INTRODUCTION
Microbial assemblages in Antarctic pack ice are generally distributed throughout the floes as bottom, surface or internal assemblages (Palmisano & Garrison 1993 . Chlorophyll (chl a) concentrations as high as 2000 µg dm -3 have been reported (Palmisano & Garrison 1993 , Nicol & Allison 1997 , demonstrating that algal growth can be a common feature of sea ice habitats. Algal growth in the interstitial brine of sea ice causes changes in its chemical composition. Comparison of summer and winter conditions in the interstitial brine of Antarctic pack ice illustrates these changes in response to the increased algal growth during the summer with little exchange of nutrients with the surrounding seawater (Gleitz et al. 1995) . Large reductions in total dissolved inorganic carbon (∑CO 2 ), nutrients and dissolved carbon dioxide (CO 2 (aq)) as well as increases in dissolved oxygen (O 2 ) and pH have been documented (Gleitz et al. 1995) . Similar chemical changes have also been observed in other sea ice habitats such as meltwater pools (Gleitz et al. 1996b ) and platelet ice layers , Thomas et al. 2001 . Less extreme, but still observable trends may occur in water underlying sea ice (Gibson ABSTRACT: The chemical and isotopic data from sea ice collected over a wide area of the Weddell Sea, Antarctica, during the austral summer/early autumn illustrate the range of environmental conditions under which ice algae grow. A range of ice types and features were sampled including intact and layered ice floes and surface ponds. Sea ice communities were found in all these environments but the highest biomasses were found either at the base of ice floes, or in the interior of layered floes with quasi-continuous horizontal gaps at or shortly below the water level. In the layered floes, particulate organic carbon (POC) measured in the ice layer immediately overlying the gap water (280 to 6014 µmol dm -3 ) was in excess of what would be predicted if algal growth had occurred in a closed environment. The chemical composition of the gap water was strongly affected by biological activity in the overlying ice, which acts as a physical support for the algae retained within its matrix. The lowest range of POC (27 to 739 µmol dm -3 ) conformed to predictions of algal growth in a closed system and samples were collected from the interior of ice floes where there was essentially no potential for nutrient exchange. The surface ponds displayed nitrate (NO 3 -) exhaustion and total dissolved inorganic carbon (∑CO 2 ) reductions consistent with nutrient limited algal growth. The stable carbon isotopic composition of the particulate organic matter (POM) across all habitat types sampled (δ 13 C POC -10.0 to -27.3 ‰) displayed a wide range but was much less variable than the range of POC concentrations might have implied. The assumption that the highest biomass of algae in sea ice will result in the most positive δ 13 C POC values cannot be generally applied. The isotopic composition of dissolved inorganic carbon (δ 13 C ∑CO 2 ) in gap waters and surface ponds varied from 0.15 to 3.0 ‰ and was shown to be commensurate with the changes predicted from NO 3 -deficits caused by algal growth.
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Resale or republication not permitted without written consent of the publisher . During an annual study in Prydz Bay, Antarctica, a reduction in fugacity of CO 2 (fCO 2 ) was measured in concert with ∑CO 2 consumption, caused by sea ice algae living within and on the bottom surface of the ice . A reduction in [CO 2 (aq)] may have physiological consequences for sea ice algae. However, model calculations have shown that diffusive uptake of CO 2 (aq) is sufficient to satisfy the carbon demand of these algae when grown under conditions of low [CO 2 (aq)] < 0.5 µM (Gleitz et al. 1996a ).
The carbon isotopic composition of sea ice algae (δ 13 C POC ) reflects changes in the chemical composition of their environment. Marine phytoplankton fractionate carbon isotopes during photosynthesis and the degree of fractionation (ε p ), calculated as the isotopic difference between CO 2 (aq) (i.e. δ 13 C CO 2 (aq) ) and POC (i.e. δ 13 C POC ) is affected by the relative rates of diffusional supply of CO 2 (aq) to the cell and the relative rate of fixation of CO 2 by the cell (Francois et al. 1993 , Laws et al. 1997 ). Field observations show that ε p and 1 /[CO2(aq)] exhibit a negative linear trend (Laws et al. 1995 , Rau et al. 1997 . The slope of the trend is directly influenced by growth rate (µ). When growth rate/cellular demand is constant a reduction of [CO 2 (aq)] results in smaller ε p values (Francois et al. 1993 , Rau et al. 1997 . Alternatively, at a constant diffusional flux of CO 2 (aq), an increase in µ can also lead to smaller ε p values (Francois et al. 1993 , Laws et al. 1995 .
Plankton in the open surface waters of the Southern Ocean are generally characterised by strongly negative δ 13 C POC (e.g. -21 to -30 ‰) due to the low surface water temperatures and high [CO 2 (aq)] (Rau et al. 1991a ,b, Dehairs et al. 1997 . Data from sea ice cores exhibit more positive values (Fischer 1991 , Rau et al. 1991a and are consistent with the hypothesis that [CO 2 (aq)] is low in the sea ice. Large seasonal cycles in δ 13 C POC (-23 to -11 ‰) have also been observed in fast ice communities (Dunbar & Levanter 1992) , and the most positive δ 13 C POC were generally concurrent with the highest standing stock of POC within basal sea ice. Isotopic changes of similar magnitude have also been observed in sediment traps deployed under sea ice ) and over vertical gradients from the ice-water interface in ice cores .
In closed or semi-closed environments, changes in the isotopic composition of ∑CO 2 (i.e. δ 13 C ∑CO 2 ) should also to be taken into account as the isotope fractionation during the fixation of carbon causes the remaining δ 13 C ∑CO 2 to become more positive. There are few δ 13 C ∑CO 2 data from sea ice environments. Reported values from platelet ice layers of 0.4 to 3.8 ‰ (Thomas et al. 2001) , and from the water column of -0.5 to 2.5 ‰ during an annual study including observations from below sea ice , have shown δ 13 C ∑CO 2 to vary with ∑CO 2 depletion. These changes represent growth in a semi-closed environment and are observed when there is minimal replenishment of ∑CO 2 from either atmospheric exchange, advective exchange or in situ remineralisation (Rau et al. 1992) . Sea ice algae grown in bottles, to simulate a closed environment, resulted in strong reductions in [CO 2 (aq)] and changes in δ 13 C POC from -24 to -9 ‰ and δ 13 C ∑CO 2 from ~2 to 10 ‰, with the more positive values representing samples taken during log phase growth (Gleitz 1996a) .
Here, we report on stable carbon isotopic data from ice cores and water samples collected from a range of sea ice habitats in the Weddell Sea, Antarctica, during the late austral summer. The aims of this study were to provide a new, extensive data set of δ 13 C POC with which to confirm that positive isotope values are associated with algal POC derived from sea ice. We also investigated whether the isotope data are consistent with the suggestion that the ice habitat resembles a closed environment.
MATERIALS AND METHODS
Study sites. In January and February 1997, studies on sea ice were carried out during the ANT-XIV/3 (Fig. 1) . A range of ice types and features associated with late summer sea ice were sampled during this study. A detailed description of the ice conditions and sampling is given by Haas et al. (1998) . Summer conditions prevailed during the first 2 / 3 of the expedition, with air temperatures around 0°C. Both intact and layered ice floes occurred. A characteristic of the layered floes was a quasi-continuous horizontal gap in the ice, at or shortly below the water level (Fig. 2) . Surface ice layers, consisting of solid slabs of low salinity ice and metamorphic snow, were underlain by gaps that were filled with seawater. The formation and development of these gap layers has been discussed by Haas et al. (2001) . The base of this surface ice layer was often very porous and saline. The mean surface layer and gap thicknesses were 7 to 20 cm and 4 to 8 cm, respectively (Haas et al. 2001) . The ice layer below the gap generally consisted of very rotten sea ice. Surface ponds around pressure ridges and on level ice were also encountered. These surface features can be formed by seawater inundation and/or melting events. The depth of the ponds can increase with melting and eventually form contact with the underlying seawater . When surface melting occurs, the low density fresh water will eventually become mixed with the more saline waters below leading to surface ponds that exhibit a range of salinities. Sampling. The sampling techniques employed are summarised below and are more fully described by Schnack-Schiel et al. (2001) . Open water was collected from the edges of ice floes during ice sampling. Using standard ice coring techniques, ice cores were collected from both floes with no evidence of sub-surface gaps (intact floes) and from those with gap layers (layered floes). Gap waters from layered floes were sampled after coring of the surface ice and metamorphic snow by immersing bottles or 0.5 dm -3 plastic containers directly into the water. Surface ponds were also sampled by immersing plastic containers directly into the water. Generally, samples were taken from the edge of the ponds, although on occasions they were taken from the centre or from the top, mid and bottom of the pond.
Immediately after coring, ice cores (10 cm in diameter) were divided into 10 cm sections with a clean stainless steel saw, and placed in 1 dm -3 opaque PVC containers. On board ship, the ice sections were melted in the containers at 4°C in the dark. This process took no longer than 24 h due to the porous nature of the ice. Sub-samples of water and melted core sections were filtered through precombusted GF/F filters (Whatmann, 450°C, 3 h). Filters were stored frozen (-20°C) for particulate organic carbon/particulate organic nitrogen (POC/PON) and δ 13 C POC analysis. The filtrate was poisoned with HgCl 2 and stored at 4°C in 0.05 dm -3 polyethylene bottles for later inorganic nutrient analyses (Kattner 1999 Gleitz et al. (1995) and . The carbonate system was calculated from pH and alkalinity using the carbonic acid dissociation constants of Mehrbach et al. (1973) and [CO 2 (aq)] was calculated for a temperature of 0°C. Additional samples were collected for δ 13 C ∑CO 2 , which were filtered through 0.45 µm polycarbonate filters. The filtrates were poisoned with HgCl 2 and sealed in pre-weighed glass ampoules under nitrogen.
Inorganic nutrient analyses were performed using standard autoanalyser methods (Kattner & Becker 1991) . Filters for POC/PON and δ 13 C POC were acid fumed (concentrated HCl) overnight to remove carbonate, dried at 40°C and then stored in a desiccator prior to analysis. [POC/PON] were determined with a Europa Scientific CN analyser, using acetanilide as a standard. Samples for δ 13 C POC analysis were processed and subsequently analysed as described by Kennedy & Robertson (1995) using VG SIRA II and PDZ-EUROPA 20/20 isotope ratio mass spectrometers. Samples for δ 13 C ∑CO2 were processed as described by McCorkle (1987) . The isotopic composition of CO 2 (aq) (i.e. δ 13 C CO 2 (aq) ) was determined from δ 13 C ∑CO2 and absolute temperature (T k in Kelvin) using the equation δ 13 C CO2(aq) = δ 13 C ∑CO2 + 23.644 -9701.5/T k from Burkhardt et al. (1999) . Isotopic fractionation was calculated relative to CO 2 as a carbon source ε p = (δ 13 C CO 2 (aq) -δ 13 C POC ) / (1 + 0.001δ 13 C POC ). The carbon isotope ratios are expressed in the standard δ 13 C (‰) notation relative to PDB, with a precision (including sample collection and extraction) of ± 0.1 ‰ for both δ 13 C POC and δ 13 C ∑CO 2 . 
RESULTS

Salinity
The salinity of all samples varied from 0.4 to 31.3 (for means see Table 1 ). Ice cores from intact ice floes and the surface ice layer of layered floes generally had low bulk salinities ranging from 0.4 to 10.4 and 0.4 to 12.9, respectively. The highest salinities in this set were those from the ice-water boundary, which is at ~10 cm for the surface ice layer of the layered floes, but much deeper at 50 to 250 cm in the intact floes (Fig. 3) . The gap waters, below the surface ice layer of layered floes, had relatively high salinities ranging from 20.6 to 31.3. These values were generally lower than those measured in seawater collected near the ice floes (31.2 to 31.4). The surface ponds exhibited the widest range in salinity (3.4 to 30.9).
Particulate organic matter
The [POC] ( ) values were found in the core sections at the ice-water boundary (Table 1 ). The gap waters (9 to 424 µmol dm (Table 1) , there were only small differences in the POC:PON ratios (Table 1 ). The average value of all samples (7.6) was slightly higher than the Redfield ratio (6.5), but is still consistent with the majority of the POM representing biogenic material rather than an accumulation of aged detritus material. A more common measure for living photosynthetic assemblages is chl a and this can be related to POC through the POC:chl a ratio. The POC:chl a ratios reported for algae in culture vary from 10 to 100s (Geider et al. 1997) . Chl a data from all the collected samples (D. N. Thomas unpubl. data) have been used to calculate POC:chl a ratios (Table 1 ). The mean POC:chl a ratios are higher than those reported for algal cultures (Geider 1997) and suggest a variable, additional component of non-photosynthetic POC.
In all sample types, the range of δ
13
C POC was very large, -27.3 to -10.0 ‰ (Fig. 5 , Table 1 ). This is as large as the entire latitudinal trend observed in surface plankton (Rau et al. 1989 ) and the absolute values Dehairs et al. 1997 ). The δ 13 C POC ranges measured in cores from intact (-26.6 to -11.9 ‰) and the surface layer of the layered floes (-25.0 to -10.0 ‰) were of similar magnitude. The gap waters from the layered floes had δ 13 C POC values of -26.3 to -16.5 ‰, the surface ponds -22.8 to -14.4 ‰ and seawater close to the floes -23.5 to -27.3 ‰. The majority of the samples had been collected from either high or low salinity environments, reflecting open waters and the interior of ice floes. Although they represent very different environmental settings, the ranges in δ 13 C POC recorded were similar. (Fig. 7C ). The distribution of δ 13 C ∑CO 2 (0.15 to 2.98 ‰) with salinity was similar to that of O 2 . The samples with a salinity close to that of seawater had variable δ 13 C ∑CO 2 but included values in the same range as those reported for surface water (~1.1 to 1.75 ‰) from the Weddell Sea . Inset expanded view of data for low salinity samples during the austral summer (Gruber et al. 1999) . Although the mean δ 13 C ∑CO 2 values were similar for gap water and surface ponds, the variability was much higher in the former (Table 1) .
Dissolved inorganic constituents
Dependence of ε p on [CO 2 (aq)]
A negative linear relationship is predicted for carbon isotopic fractionation (ε p ) as a function of the ratio of cellular carbon demand to carbon supply, µ/[CO 2 (aq)] for values < 0.3 (Laws et al. 1997 ). Because growth rates could not be measured in this study, we can only assess ε p variations in relation to the ambient [CO 2 (aq)]. As there is no significant correlation between these variables, it suggests that there is little dependence of ε p on carbon supply (Fig. 8) .
DISCUSSION
The range of [POC] (6 to 6014 µmol dm -3 ) and δ 13 C POC (-10.7 to -26.6 ‰) measured demonstrates the very variable and dynamic nature of sea ice. This variability may be due in large part to spatial differences in rates of nutrient supply relative to algal uptake. In an open environment, where nutrient replenishment is faster than algal demand, little/no drawdown of NO 3 -or CO 2 (aq) need be observed even if significant algal growth has occurred. Under these conditions, such as at the ice-water interface where algae are in direct contact with seawater, the continuous supply of nutrients can lead to algal POC concentrations in excess of those predicted from the draw-down of NO 3 -in the underlying water. If nutrient replenishment is slower than algal demand, draw-down of NO 3 -and CO 2 (aq) would become evident and the conditions would resemble that of a semi-closed environment. Even in open waters, stratification (thermal or density driven) can lead to algal growth in a semi-enclosed environment when algal demand for NO 3 -and CO 2 (aq) is greater than their resupply by exchange, remineralisation and mixing.
In the brine channels of the sea ice, algae communities have essentially a fixed amount of NO 3 -and CO 2 (aq) to support growth as there is little or no external source of nutrients. Under these conditions, which can be considered as an isolated (essentially closed) system, and [CO 2 (aq)] will decrease until exhaustion or changes in the physiochemistry restrain further algal growth (Gleitz et al. 1995) . In this case, algal demand can only be facilitated by the nutrient pool which is initially present and therefore the amount of algal growth will be limited. The maximum amount of POC that can be produced in a closed system can be estimated from the initial [ . If a C:N ratio of 6.5 is used, the loss of 32 µmol NO 3 -due to algal growth should result in the production of ~208 µmol POC. An even lower amount of POC would be produced if brine drainage had occurred. Salt is rejected from sea ice during the freezing process. Its loss occurs immediately at the ice-water interface and subsequently by drainage from the existing ice sheet as further accretion occurs (Lake & Lewis 1970) . This process does not change the in the brine channels, but it does reduce the amount of NO 3 -that is available to the algae to sustain algal growth/ POC production. If 50% of the brine has been excluded from the ice, then the amount of NO 3 -now available for algal growth would be 16 µmol which would result in a maximum of ~104 µmol POC produced on NO 3 -exhaustion. Thus, a comparison between NO 3 -draw-down and POC increase can be used to clearly illustrate the spatial differences in the rate of nutrient replenishment relative to algal demand.
Along with NO 3 -draw-down, the photosynthetic uptake of dissolved inorganic carbon results in a decrease in [CO 2 (aq)]. Any reduction in [CO 2 (aq)] will be reflected in more positive δ 13 C POC of the algae (Rau et al. 1992 , Popp et al. 1999 ). The δ 13 C POC data further illustrate the degree of NO 3 -and CO 2 (aq) draw-down, i.e. the balance between nutrient supply and demand when the majority of the POC was produced.
Ice cores from intact and layered ice floes
To observe the possible influence of algal growth on nutrients in ice floes, all the measured [NO 3 -] were salinity normalised to correct for dilution effects and the salinity normalised [NO 3 -] (sNO 3 -) were subsequently related to [POC] (Fig. 9) . The [POC] values for the communities at the ice-water interface of the surface ice in the layered floes exhibited a logarithmic increase in [POC] with decreasing [sNO 3 -] (Fig. 9A ). The data lie on, or above, the line that defines the maximum [POC] that could be produced by algal growth in a closed system and represent semi-to open environments. Ice at the bottom of the surface ice layer in the layered floes had an average bulk salinity of 9.3 ± 2.3, as compared to an average bulk salinity of 4.5 ± 2.0 for intact ice floes, and was porous at the temperatures encountered facilitating nutrient exchange. If the ice algae mainly utilise NO 3 -diffusing from the underlying gap water, then the [sNO 3 -] in the ice can be viewed as the current balance between the rate of nitrogen (N) replenishment and algal uptake. The diffusive flux of nutrients from the underlying water to the ice and nutrient regeneration represent 2 possible mechanisms for N supply to the ice algae at the icewater interface. Other mechanisms for enhancing the flux of N are through turbulence in or advection of the underlying water and by the pumping of seawater by wind/wave action. High algal standing stocks have been reported in other ice environments where water exchange or nutrient regeneration allows replenishment of nutrients while the ice provides a physical support for the algae to be retained within its matrix (Fritsen et al. 1994 , Thomas et al. 1998 .
In all the other ice core sections taken from the upper ice layer of the layered floes, the [POC] (~100 to 2000 µmol dm -3
) are 3 to 6 times lower than those at the ice/water interface (Fig. 9B) . The POC data for these samples are mostly above the line predicted for algal growth in a closed system and generally lie below the logarithmic trend that described algal growth in the more open environment at the ice-water boundary (Fig. 9A ). There may have been little or no nutrient addition to the brine channels during freezing as the upper ice layer of the layered floes is derived from molten snow. Therefore, the major source of nutrients to the algae in this part of the floe would then have been via the ice-water interface. For algae in the Fig. 9A and the dotted line denotes the trend for NO 3 -uptake if growth occurred in a closed system. Note the different scales for the POC axes brine channels some distance away from the ice-water interface, the flux of N is reduced by a progressive decrease in ice porosity, an increase in distance from the nutrient source and a reduction in [N] due to uptake of the algae nearer the ice/water interface.
All the POC measurements in core sections taken from within intact ice floes were less than 1000 µmol dm -3 (Fig. 9C ). In these, predicted to be the most isolated communities, there will be little/no diffusive supply of nutrients and POC production is limited due to their growth in a closed system. In fact, the majority of the [POC] fall below the predicted maximum for a closed system and, possibly, brine drainage has reduced the net amount of NO 3 -that is available for POC production. ] has been assumed to be related to NO 3 -loss through a C:N ratio of 9, which is the average POC:PON for the sea ice samples, and the alkalinity has been taken to increase by 1 µeq kg -1 for every mole of NO 3 -consumed. We can then predict δ 13 C POC from [CO 2 (aq)] using an empirical relationship derived from observations in a Southern Ocean setting, δ 13 C POC = -0.59[CO 2 (aq)] -14.38. (Bentaleb & Fontugne 1998) . This approach assumes that CO 2 (aq) has been the major influence on the δ 13 C POC of phytoplankton (Popp et al. 1999 ), but it is recognised that numerous additional factors e.g. growth rate, type of carboxylating enzyme, passive and/or active carbon transport, ammonia assimilation and δ 13 C ∑CO 2 can also have an influence on δ 13 C POC (Francois et al. 1993 , Laws et al. 1995 , Dehairs et al. 1997 .
Using this approach for algal growth in a closed environment, δ 13 C POC becomes more positive (-27 to -17 ‰) while [POC] increases (0 to 288 µmol dm -3 ). However, it has already been shown that not all samples are characteristic of growth in a closed environment. In the case of semi-enclosed environments, the differing balances between a nutrient flux and algal uptake can result in a variable steady state and hence [CO 2 (aq)]. In these cases, the range of possible steady state [CO 2 (aq)] are the same as in the closed system and so the predicted range of δ 13 C POC remains the same. However, higher algal POC can be supported by remineralisation or a flux of nutrients from the surrounding water column in open or semienclosed environments, than can be produced in closed systems. The Trend Lines (i) to (iv) as seen in Fig. 10 represent some, from the continuum of possible calculated responses, of δ 13 C POC to decreasing [CO 2 (aq)]. The δ 13 C POC data (Fig. 10) have been divided into the same sample grouping as displayed in Fig.  9 and are presented as a function of measured [POC] . The measured values of δ 13 C POC from core sections at the ice-water boundary in layered ice floes (Fig. 10A) all fall above the closed system trend line (i). The data falls on or around the Trend Lines ii to iv and is consistent with the previous interpretation of this data set (Fig. 9A ) of open and semi-enclosed environments. As the samples were collected from a number of different floes (n = 15) where supply and demand will vary, it is not surprising that the data do not fall on any particular trend line but spans a number of different trends. A major variable in determining the rate of nutrient replenishment will be the porosity of the ice and the salinity gives a good indication of which samples were from the most porous ice. The data falling on or around the Trend Lines (ii) and (iv) in Fig. 10A , do indeed relate to significantly different salinities of 8.2 ± 2 and 11.7 ± 1, respectively.
In the ice sections taken at an increasing distance from the ice-water boundary in both layered (Fig. 10B ) and intact floes (Fig. 10C ), most δ 13 C POC values were similar to those found in the more open environment of the ice-water boundary (Fig. 10A) . Consistent with the [POC] and [sNO 3 -] interpretation, only the data from core sections at the interior of intact ice floes (Fig. 10C) fall on or near the closed system Trend Line (i). In these habitats, lower [POC] is found because of the more restrictive replenishment of nutrients, but the range of [CO 2 (aq)] implied by the δ 13 C POC is not reduced. A few δ 13 C POC values were more positive than in Fig. 10A and could be indicative of lower [CO 2 (aq)] resulting from N limitation, i.e. algal growth with a C:N ratio > 9. Previous studies in fast ice have reported large increases in both C:N (up to 25) and δ 13 C POC (-18 to -12 ‰) at increasing distances from the ice-water boundary. These changes have also been interpreted as representative of progressive nutrient limitation (Smith et al. 1990 , Priscu & Sullivan 1998 .
Thus, the assumption that the highest biomass of algae in sea ice will result in the most positive δ 13 C POC values cannot be generally applied. The balance between uptake and supply defines the extent of CO 2 (aq) draw-down and hence the δ 13 C POC of the algae, and this can vary independently of the biomass accumulated.
Gap water
Substantial depletions in relative to dilution were observed in the water that filled the gap layers (Fig. 6) . However, the [POC] of the gap water varied independently of [sNO 3 -] (Fig. 11) . The [POC] values did not conform to the trends predicted for algal growth in a closed environment using a POC:PON of either 6.9 or 7.8, representative of gap water and the ice-water interface above the gap water, respectively (Table 1 ). The average [POC] of the gap water is 126 ± 117 µmol dm -3 (Table 1) , which is much lower than that of the algal community in the ice at the ice-water boundary (1801 ± 1971 µmol dm -3 ). The gap waters with ~30 µmol dm -3 sNO 3 -have [POC] that are very variable, but are all higher than would be predicted with considerable gains in [POC] with little or no loss of NO 3 - (Fig. 11) . In contrast, the remaining POC data from the gap water have concentrations that are well below those predicted with respect to loss of NO 3 -. Substantial depletions in [∑CO 2 ] relative to dilution and enrichments in [O 2 ] and δ 13 C ∑CO 2 were also observed in the water that filled the gap layers (Fig. 7) . (Fig. 12A ,B,C), the extent to which the observed changes follow the stoichiometry of algal organic matter production can be examined.
Although ] overall, resulting in a ∑CO 2 /NO 3 -gradient of 11.5 ± 1.3 (Fig, 12A ). This C:N ratio is higher than that measured in the POM collected in the gap water (POC:PON = 6.9) or in the ice at the interface with the gap water (POC:PON = 7.8), and are more consistent with nutrient limited algal growth. (Fig. 12B ). The δ 13 C ∑CO 2 exhibited a significant negative correlation with [sNO 3 -], δ 13 C ∑CO 2 = -0.06 ± 0.007sNO 3 -+ 2.7 ± 0.17, n = 34, R 2 = 0.696 (Fig. 12C) . In closed or semi-closed environments, isotope fractionation during the fixation of carbon causes the remaining δ 13 C ∑CO2 to become more positive. To test whether the more positive δ 13 C ∑CO 2 values were related to biological production, our previously calculated variations in ) of samples collected from gap waters. Model lines describing the changes expected if the trend in POC was defined by either a C:N ratio of 6.9 measured in organic matter from the gap water (dotted line), or 7.8 from the ice at the seawater interface in layered floes (solid line) δ 13 C POC , during algal growth in a closed system (Fig. 10 Trend Line i), have been used to predict changes in δ 13 C ∑CO 2 . The δ 13 C ∑CO 2 of the remaining ∑CO 2 , (δ 13 C ∑CO 2 (t +1) ) has been predicted using a simple mass balance equation. (uptake) where δ
13
C POC(uptake) represents the changing δ
C POC during algal growth in a closed system and becomes more positive at each time point as NO 3 -is taken up by the algae and [CO 2 (aq)] decreases, δ 13 C ∑CO 2 (t) is the isotopic composition of ∑CO 2 of the preceding time point and ƒ t and ƒ uptake are the fraction of ∑CO 2 represented by the preceding time point and the fraction of the ∑CO 2 removed by the algae. Predicted trend lines for POC:PON ratios of 6.9 (δ 13 C ∑CO 2 = -0.074sNO 3 -+ 3.1) representative of POM from gap water and 7.8 (δ 13 C ∑CO 2 = -0.083sNO 3 -+ 3.4) representative of organic matter from the ice at the interface with the gap water have been compared to the actual δ 13 C ∑CO 2 variations in Fig. 12C . If the single data point with a very low δ 13 C ∑CO 2 at [sNO 3 -] ~5 is excluded from the regression, then the trend line δ 13 C ∑CO 2 = -0.072 ± 0.004sNO 3 -+ 3.02 ± 0.11 (n = 33, R 2 = 0.895) is consistent with the observed changes due to biological production with a C:N ratio of ~6.9. In contrast, these results are not wholly consistent with the observed C:N ratio of 11 derived from changes in [s∑CO 2 ] and [sNO 3 -] (Fig. 12A) . Overall, the gap waters are strongly affected by the biological activity in the overlying ice. The substantial depletions in relative to dilution indicate that N uptake by the ice algae must be faster than the advection of seawater into the gap layers. Gap sites with less restricted exchange (or lower rates of uptake relative to supply) would show little evidence of nutrient depletion, even with high algal standing stocks in the over-lying ice. Similar results have been observed in platelet layers where there can be high biomass of algae (1 g chl a dm -3 ) attached to the platelets with little or no measurable nutrient depletion in the water column (Thomas et al. 1998 . The lack of correlation between [POC] and [sNO 3 -] (Fig. 11) as well as ε p and 1/[CO 2 (aq)] (Fig. 8 ) may also be explained if the changes in dissolved constituents are more strongly influenced by the algae in the overlying ice than those found in the gap water, and the POM derives from both algal growth in the gap water and algal biomass that has been flushed out of the ice.
Surface ponds
The surface ponds were found on level ice and associated with pressure ridges. The ponds must have initially contained only seawater as their bottom was below the sea level. As the ponds reduce the albedo and increase light absorption, this leads to heating and melting of the surface snow and ice. The ponds subsequently become stratified, with melt water on top of more saline water. The vertical transport of nutrients into the surface waters may be limited, but the salinity range measured in the ponds (7 to 30) suggested that there must have been mixing of fresh and saline waters, and in the high salinity ponds the mixing must have been extensive. Swell, wind and/or drift can enhance vertical transport and mix the saline water up into the freshwater. Alternatively, flooding of the ice , n = 28) and varied in salinity from 3.4 to 30.9 (Fig. 6) . The concentrations of dissolved constituents reflect, in part, the variable salinity of the ponds. But because most ponds featured NO 3 -exhaustion, a salinity normalisation procedure to remove the effect of variable mixing of fresh and saline water could not be used. In addition, algal growth in the ponds would also result in low [NO , has been taken to estimate the (∑CO 2 deficit ). Because there may still be some exchange possible with the underlying seawater these are likely to be minimum estimates.
The variation of NO 3 -deficit with ∑CO 2 deficit indicates strong nutrient limitation in some of the surface ponds ( Fig. 13A) with most of the data falling within those predicted by a C:N ratio of 6.5 or 30. The data were collected from a number of different ponds (n = 13) and the scatter in the data suggests that the conditions in each of the ponds were slightly different at the time of sampling. Generally though, the ponds with highest NO 3 -deficit also had the highest ∑CO 2 :NO 3 -indicating N limitation. Analogous microenvironments have been described in crack pools associated with the release of melt water into pools of seawater trapped between melting ice floes (Gleitz et al. 1996b ). The crack pools displayed NO 3 -exhaustion and were thought to have evolved due to rapid algal growth from an initially nutrient rich and high salinity pool, as the result of a batch-culture type of development.
If the ponds are essentially closed systems, then there should be similar C:N ratios for the variation of NO 3 -deficit with [POC] (Fig. 13B) . Although the data mainly fall between a C:N ratio of 6.5 and 30, the C:N ratios are generally lower than those shown in Fig. 13A .
Because the initial values for the carbonate system vary with the salinity of each of the ponds, there is no single trend that describes the evolution of δ 13 C ∑CO 2 with degree of NO 3 -depletion. Using the same type of isotope mass balance as before, the changes in δ 13 C ∑CO 2 have been predicted for ponds with 3 different salinities (i.e. 3 different NO 3 -initial and ∑CO 2initial ) and algal growth with a Redfield, ratio of 6.5 (Fig. 13C) . The range of δ 13 C ∑CO2 values are fairly consistent with the trends predicted for algal growth with a low (~6.5) C:N ratio. A further trend, for a pond with a salinity of 20 and using a C:N ratio of 15, shows that this ratio is probably the upper limit consistent with the measured 13 C ∑CO 2 . However, the δ 13 C ∑CO 2 was only measured in a sub-set of the ponds sampled and those with high C:N ratios are not well represented (Fig. 13C) . Thus, the data from the ponds represent different end points that result from individual batch-culture type of development in each of the ponds.
CONCLUSIONS
The data show that ice algae can accumulate far in excess of maximum standing stocks predicted in a closed system, by complete utilisation of major nutrients present in the open water. The highest biomass is found at the interface between ice and water, where water exchange allows replenishment of nutrients while the ice provides a physical support for the algae to be retained within its matrix. The data that conform to predictions of algal growth in a closed system have been collected from the interior of ice floes where there is essentially no potential for nutrient exchange. Thus, nutrient supply exerts a significant control on algal growth and the sea ice habitat provides a continuum of conditions where nutrient supply and algal demand can vary. Temporal trends could not be explicitly addressed in this synoptic study, but the isotopic data reflect the different rates of algal supply to demand and imply a commonality in the process(es) leading to the highly variable [POC] . It is clear that the biogeochemistry of sea ice ecosystems is complex. The very dynamic changes that occur even within similar types of environment make consistent interpretations of spatially variable data difficult. Future research should be directed to time series studies that would help clarify some of the issues discussed here as well as providing a clearer picture of the control exerted by nutrient exchange on algal growth and physiology.
